The crystal and molecular structures of the onedimensional coordination polymer [Zn(S 2 COEt) 2 ( 4 LH 2 )] n (1) and binuclear [Zn(S 2 COCy) 2 ] 2 ( 4 LH 2 ) (2) are described, where 4 LH 2 is N,N′-bis(pyridin-4-ylmethyl)ethanediamide. In 1, the Zn(S 2 COEt) 2 entities are linked by bidentate bridging 4 LH 2 ligands through the pyridyl-N atoms to generate a twisted supramolecular chain. As a result of monodentate xanthate ligands, the N 2 S 4 donor set defines a distorted tetrahedral coordination geometry and, crucially, allows the participation of the non-coordinating sulfur atoms in supramolecular association. Thus, in the crystal amide-N-H · · · O(amide) and amide-N-H · · · S(thione) hydrogen bonds link chains into a three-dimensional architecture. The substitution of the ethyl group in the xanthate ligand with a cyclohexyl group results in very different structural outcomes. In 2, a binuclear molecule is observed with the coordination geometry for zinc being defined by chelating xanthate ligands and a pyridyl-N atom with the NS 4 donor set defining a highly distorted geometry. In the molecular packing, amide-N-H · · · S(thione) hydrogen bonds stabilise a supramolecular chain along the a-axis and these are connected into a three-dimensional arrangement by methylene-C-H · · · O and methylene-C-H · · · π(pyridyl) interactions. The relative importance of the specified intermolecular interactions and weaker, contributing contacts has been revealed by an analysis of the calculated Hirshfeld surfaces of 1 and 2.
Introduction
The structural chemistry of metal dithiocarbamates ( − S 2 CNRR′) [1, 2] is significantly more developed compared with that of other 1,1-dithiolate ligands, with those of the metal dithiophosphates [ − S 2 P(OR)(OR′)] [3] and metal xanthates ( − S 2 COR) [4] being the next most advanced; R,R′ = alkyl, aryl. Of particular relevance to the present report are the structures of the zinc 1,1-dithiolates where μ 2 -bridging modes of coordination of the 1,1-dithiolate ligand are often found [5] . In the dithiocarbamates, binuclear {Zn[S 2 CN(R)R′] 2 } 2 aggregates are usually observed owing to equal numbers of bridging and chelating ligands. Similar binuclear aggregates are observed in the dithiophosphates but, one-dimensional coordination polymers are also known. The structural chemistry of the binary zinc xanthates is considerably more diverse, featuring zerodimensional (tetranuclear), one-dimensional (chains) and two-dimensional (layers) aggregation patterns [5] . Crucially, steric control is suggested as being largely responsible for mitigating aggregation in the solid-state, i.e. increasing the size of R/R′ reduces the dimension of the aggregate [5] [6] [7] . This is nicely illustrated for the aforementioned xanthate structures where decreasing aggregation is correlated with the greater bulk of the substituent, i.e. R = Et (layer), n-Pr (chain) and i-Pr (tetramer) [8] .
The structural chemistry of the zinc-triad 1,1-dithiolates with potentially bridging bipyridyl-type ligands, i.e. N ∩ N, has been reviewed recently [9] . This chemistry is varied, often leading to unexpected reaction outcomes, in terms of stoichiometry, and a monodentate coordination mode for what might be expected to be bidentate bridging molecules, especially in the presence of hydrogen bonding functionality in the 1,1-dithiolate ligands [9] . For example, regardless of the stoichiometry of the reagents in the reaction between Cd[S 2 CN(i-Pr)CH 2 CH 2 OH] 2 and trans-1,2-bis(4-bipyridyl)ethylene (bpe), i.e. 2:1, 1:1 and 1:2, only the 2:3 species, {Cd[S 2 CN(i-Pr)CH 2 CH 2 OH] 2 } 2 (bpe) 3 , could be isolated [10] . This species contains rare examples of monodentate coordination for the bpe ligands whereby the terminal, non-bonding pyridyl-nitrogen atoms of the bpe ligands form hydrogen bonding interactions instead. Even in examples where hydrogen bonding is not possible, excess N ∩ N reagent does not necessarily lead to increased coordination numbers and/or bridging, rather monodentate coordination as in Zn[S 2 CN(n-Pr) 2 ] 2 (bpy) [11] or the incorporation of non-coordinating bpe molecules in the crystal, e.g. in the lattice adduct [Zn(S 2 CNEt 2 ) 2 ] 2 (bpe)
bpe [12] ; bpy = 4,4′-bipyridyl. For adducts of zinc xanthates, particularly relevant to the present investigation, a variety of structural motifs have been found, i.e. zero-dimensional binuclear [Zn(S 2 CO-iPr) 2 ] 2 (bpy) [13] and [Zn(S 2 COCy) 2 ] 2 (bpe) [14] . One-dimensional coordination polymers have also been observed with linear, i.e. {[Zn(S 2 CO-i-Pr) 2 ] 2 (pyrazine)} n [15] helical, i.e. {[Zn(S 2 CO-i-Bu) 2 ] 2 (bpy)} n [16] and zig-zag topologies, i.e. {[Zn(S 2 COR) 2 ] 2 (bpe)} n for R = Et and n-Bu [14] . In an attempt to increase the dimensionality of the supramolecular aggregation in N ∩ N adducts of Zn(S 2 COR) 2 , hydrogen bonding functionality has been incorporated into the N ∩ N ligand, i.e. a diamide link as in N,N′-bis(pyridin-4-ylmethyl)ethanediamide ( 4 LH 2 ), as shown in Figure 1 . The structural chemistry of the isomeric N,N′-bis(pyridin-n-ylmethyl)ethanediamides, n LH 2 for n = 2, 3 and 4, has also been reviewed in recent times [17] . With potential for supramolecular aggregation via hydrogen [18] and halogen [19] bonding, often leading to twodimensional arrays, these molecules featured prominently in the pioneering days of crystal engineering. The neutral molecules, i.e. 3 4 LH 2 ligand, with these binuclear residues linked into a supramolecular chain via amide-N-H · · · O(amide) hydrogen bonds through 10-membered { · · · HNCCO} 2 synthons [20] . In terms of adducts with the zinc-triad 1,1-dithiolates, some interesting structures have been characterised starting with interwoven, linear coordination polymers [21] . Here, binuclear {Zn[S 2 CN(Me)CH 2 CH 2 OH] 2 } 2 ( 3 LH 2 ) species are linked into a supramolecular chain via hydroxyl-O-H · · · O(hydroxyl) hydrogen bonds. Two of these are interwoven to form a doubly interconnected chain, being linked by hydroxyl-O-H · · · O(carbonyl) hydrogen bonds [21] . The analogues chemistry with [Zn(S 2 CNR 2 )] 2 ( 3 LH 2 ) gives quite distinct results [22] : for the R = Me compound, solvent dimethylformamide molecules hydrogen bond to the diamide moiety precluding further supramolecular aggregation but, in the R = n-Pr structure, supramolecular chains are formed as described above for I 2 Hg( 4 LH 2 ) HgI 2 [20] . A recent study of binuclear [Zn(S 2 CNEt 2 )] 2 ( 4 LH 2 ) again showed no conventional hydrogen bonding [23] . It was in connection of the latter studies that attention was directed to investigation the structural chemistry of zinc xanthates with 4 
Materials
The Zn(S 2 COEt) 2 and Zn(S 2 COCy) 2 reagents were prepared in high yield from the 1:2 reaction of ZnCl 2 and K[S 2 COR] (R = Et or Cy) in distilled water following established procedures [24] . The N,N′-bis(4-pyridylmethyl)oxalamide reagent was prepared in high yield from refluxing 4-picolylamine (Aldrich) and diethyl oxalate (SigmaAldrich), in a 2:1 mole ratio, in ethanol solution [14] . 
Synthesis

Crystal structure determination
Intensity data for 1 and 2 were measured at 100 K on a Rigaku/Oxford Diffraction XtaLAB Synergy diffractometer (Dualflex, AtlasS2) fitted with CuKα radiation (λ = 1.54178 Å) so that θ max = 67.1°. Data processing and gaussian absorption corrections were accomplished with CrysAlis Pro [25] . Details of cell data, X-ray data collection, and structure refinement are given in Table 1 . The structures were solved by Direct Methods [26] . Full-matrix least-squares refinement on F 2 with anisotropic displacement parameters for all non-hydrogen atoms was performed [27] . The C-bound H atoms were placed on stereochemical grounds and refined with fixed geometries, each riding on a carrier atom with U iso = 1.2-1.5 U equiv (carrier atom). The N-bound H atoms were found in difference maps and refined with N-H = 0.88 ± 0.01 Å, and with U iso = 1.2 U eq (N). A weighting scheme of the form w = 1/[σ 2 (F o 2 ) + (aP) 2 + bP] where P = (F o 2 + 2F c 2 )/3 was introduced in each case. In the refinement of 1, three reflections, i.e. (−3 5 13), (8 8 0) and (9 3 9), were omitted from the final cycles of refinement owing to poor agreement; in 2, one reflection, i.e. (1 1 5), was omitted for the same reason. The programs WinGX [28] , ORTEP-3 for Windows [28] and PLATON [29] and DIAMOND [30] were also used in the study.
Results and discussion
Molecular structures
The crystallographic asymmetric unit of 1 is shown in Figure 2 and comprises Zn(S 2 COEt) 2 and two half molecules of 4 LH 2 , as each of the latter is disposed about a centre of inversion. Selected bond lengths are collected in Table 2 . The zinc centre is coordinated by two xanthate ligands which adopt the comparatively rare coordination mode [3] whereby one sulfur atom is coordinated and the oxygen atom, rather than the thione-sulfur atom, is directed towards the metal centre. The Zn · · · O1 separation for the S1-xanthate ligand of 2.8154(16) Å is nearly 1 Å less than the sum of the van der Waals radii of zinc and sulfur of 3.77 Å [31] . The comparable Zn · · · O2 separation for the S3-xanthate ligand is considerably longer at 3.2194(16) Å, being about 0.5 Å shorter than the sum of the respective van der Waals radii. A direct result of the adopted coordination mode is a significant disparity in the associated C-S bond lengths, with sulfur atoms forming the bonds to zinc having considerably longer C-S bonds, by up to 0.07 Å, than the comparable bonds formed by the thione-S atoms, 4 LH 2 molecule has an anti-periplanar conformation as is found in the two polymorphs of the uncoordinated molecule [33, 34] . Finally, it is noted the central amide-C-C(amide) bond lengths ( Table 2) are longer than usually anticipated C(sp 2 )-C(sp 2 ) bonds, an observation related to the presence of electronegative groups bound to these atoms, as discussed in the literature [17] .
As each of the 4 LH 2 molecules is bidentate bridging, a coordination polymer is generated, Figure 3 . With the aforementioned anti-periplanar conformations, the topology of the chain, propagated approximately along [1 1 ̅ 6], is twisted.
The crystallographic asymmetric unit of 2 comprises Zn(S 2 COCy) 2 and half a 4 LH 2 molecule, as this is disposed about a centre of inversion. The application of symmetry leads to a zero-dimensional binuclear molecule as shown in Figure 4 ; geometric parameters are given in Table 2 . The S1-xanthate ligand coordinates in an asymmetric S, S mode with the difference between the Zn-S1, S2 bond lengths being 0.41 Å. The S3-xanthate ligand coordinates more symmetrically with the difference in the Zn-S3, S4 bond lengths being only 0.16 Å. As a consequence of this, the difference in the C-S bond lengths is reduced to approximately 0.02 Å, cf. to the disparity seen in 1 ( Table 2 ). The NS 4 coordination geometry is highly distorted with angles ranging from a small, 71.40(2)°, for the S1-Zn-S2 chelate angle to 165.00(2)°, for S2-Zn-S4, i.e. involving the weakly bound sulfur atoms. The value of τ, a descriptor for fivecoordinate geometries [35] , computes to 0.64, which compares to 0.0 and 1.0 for ideal square-pyramidal and trigonal-bipyramidal geometries, respectively.
As for 1, the centrosymmetric The "x" refers to the number in C(x).
and an almost perpendicular relationship between the central plane and that through the 4-pyridyl ring [dihedral angle = 80.47(7)°]. The different molecular structures observed for 1 and 2 are readily rationalised in terms of the steric bulk of the oxygen-bound R groups in the xanthate ligands. In short, the larger cyclohexyl group in 2 precludes the formation of a coordination polymer. Such considerations are well-established in the structural chemistry of metal 1,1-dithiolates [5] [6] [7] [8] , including in coordination polymers mediated by bridging bipyridyl-type ligands where both polymer formation and topology can be controlled by tailoring the steric bulk of the R substituents and positioning of the pyridyl-nitrogen atoms [9, [36] [37] [38] . Indeed, there are two direct precedents for 1 and 2 in the crystallographic literature, namely [Zn(S 2 COEt) 2 (bpe)] n and binuclear [Zn(S 2 COCy) 2 ] 2 (bpe) [14] . In this study, different solid-state luminescence responses were ascribed to the different modes of association between Zn(S 2 COR) 2 residues based on molecular orbital calculations [14] . In the present and previous [14] studies, when R = Cy only binuclear species were isolated, i.e. 2 and [Zn(S 2 COCy) 2 ] 2 (bpe), respectively, regardless of the stoichiometry of the reagents. Further, the electronic structures, as determined by density functional theory calculations do not differ significantly as R varies [39] . The difference between the two pairs of structures rests in the hydrogen bonding potential of the bridging ligands in 1 and 2, details of which are presented below in "Molecular Packing".
Molecular packing
The In neither crystal were supramolecular amide tapes sustained by 10-membered { · · · HNCCO} 2 synthons observed. This, despite tapes are sometimes seen in other metal salts, but usually in cases where the metal centres are relatively sterically unencumbered, e.g. metal halides [20, 40] , and often in co-crystals [18, 19, 24] . In 1, chains were formed by amide-N-H · · · O(amide) hydrogen bonds with additional amide-N-H hydrogen bonds involving thione-S atoms. In 2, chains are also formed but, sustained by amide-N-H · · · S(thione) hydrogen bonds exclusively, as detailed above. In both cases, the amide-oxygen atoms did not participate in conventional hydrogen bonding interactions but, participate in C-H · · · O(amide) interactions instead. Given that supramolecular amide tapes are not formed in either 1 or 2, it is likely that the steric bulk of the zinc atom environments preclude the close approach necessary for their formation. It is also possible that the relatively electronegative sulfur atoms provide a measure of competition for hydrogen bonding interactions [41] [42] [43] .
Hirshfeld surface analysis
The Hirshfeld surface calculations [44, 45] were performed in accord with recent studies on related zinc-triad dithiocarbamate structures [46, 47] in order to gain a greater understanding of the molecular packing in 1 and 2. On the Hirshfeld surface mapped over d norm for 1, Figure 7a and b, and for 2, Figure 7c , the conventional N-H · · · O and N-H · · · S hydrogen bonds (Table 3) are evident from broad and bright-red spots near the participating atoms. In addition, the bright-red spot near the S4 atom in 1, Figure 7b , indicates the significant influence of the short interatomic S · · · S contact (Table 4) on the packing. The presence of comparatively weak intermolecular C-H · · · S and C-H · · · O interactions (Table 5) in the crystal of 1 results in diminutive-red spots near respective atoms in Figure 7a and b. The short interatomic contacts summarised in Table 4 also result in faint-red spots in Figure 7 . Finally, for 1, the broad-red spots appearing near the N1 and N3 atoms of the 4 LH 2 ligand, indicated by thick arrows in Figure 7a are a result of the formation of the polymeric chain. On the Hirshfeld surface mapped over d norm for binuclear 2, the intermolecular methylene-C4-H4a · · · O3(amide) and methylene-C12-H12b · · · O3(amide) contacts (Table 3) are viewed as bright-red and tiny-red spots, respectively, near the donor-acceptor atom pairs on the surface, Figure 7c . The other faint-red spots seen in Figure 7c are indicative of the short interatomic contacts summarised in Table 4 .
The donors and acceptors of intermolecular interactions in coordination polymer 1 and binuclear species 2 are viewed as blue and red regions corresponding to positive and negative electrostatic potentials on the Hirshfeld surfaces mapped over electrostatic potential in Figure 8 . The influence of intramolecular C-H · · · π and intermolecular C-S · · · π interactions in the crystal of 1 (Table 5 ) are illustrated on the Hirshfeld surface mapped with the shape-index property in Figure 9a . Similarly, the intramolecular C-H · · · π contact in 2 (Table 5) is highlighted in Figure 9b and c. The interesting feature of the π-system in the latter contact is that it is defined by the chelate ring defined by the xanthate ligand. This arises as the resonance structure with a formal negative charge on each sulfur atom, i.e.
2-S 2 C=O
+ R, contributes about 20% to the overall electronic structure meaning the chelate ring is both aromatic and electron-rich, serves as an efficient acceptor for end-on C-H · · · π interactions and provide energies of stabilisation akin to intermolecular M · · · S secondary bonding interactions [7, 48] .
The overall two-dimensional fingerprint plots for 1 and 2 are presented in Figure 10a , and those deline- surface of 1 has little influence upon the packing with separations greater than the sum of the van der Waals radii. On the other hand, the 10.0% contribution to the Hirshfeld surface of 2 results from the C-H · · · π contact involving the methylene-C7-H atom interacting with the N1-pyridyl ring, Table 3 ; the donors and acceptors of this interaction are highlighted in Figures 9b and c with blue and red circles, respectively. Distinctive features of the delineated fingerprint plots for 1 and 2 are highlighted in Figure 11 . The fingerprint plot delineated into N · · · Zn contacts for 1, Figure 11a , presenting a thin long spike at d e + d i ~ 2.0 Å arises from the formation of the coordination polymer via Zn-N(pyridyl) bonds. The significance of the short interatomic S · · · S contacts in 1, Table 4 , is evident from the fingerprint plot in Figure 11b , specifically as the line segment beginning at d e + d i ~ 3.2 Å. Also, the presence of the C-S2 · · · π(pyridyl) Figure 11d , the short interatomic C19 · · · O1 contact, Table 4 , is viewed as the pair of forceps-like short tips at d e + d i ~ 3.1 Å. The small contributions from the remaining interatomic contacts summarised in Table 4 have a negligible effect on the packing in the respective crystals.
Conclusions
The steric bulk of the oxygen-bound R group in Zn(S 2 COR) 2 proved to be crucial in dictating the formation of a coordination polymer or not with 4 LH 2 as the bridging ligand. Thus, for comparatively small R = Et, a twisted chain is generated (1) but when bulky R = Cy is present, a binuclear species is formed instead (2). These considerations also pertain supramolecular aggregation whereby conventional hydrogen bonding, i.e. both N-H · · · O and N-H · · · S, predominates in the crystal of 1, leading to a three-dimensional architecture. By contrast, with bulky cyclohexyl groups in 2, only N-H · · · S hydrogen bonding persists, leading to a supramolecular chain. This study shows that remote organic substituents are not necessarily innocent and can indeed be exploited to control the formation of coordination polymers.
